Abstract Adrenergic transmissions were investigated by recording electrical and mechanical responses of the smooth muscle cells in the rabbit ear artery. Perivascular nerve stimulation generated an excitatory junction potential (e) j.p.) and a slow depolarization. The latter but not the former was suppressed by prazosin or phentolamine. Both the e.j.p. and slow depolarization were suppressed by tetrodotoxin (TTX) or guanethidine. Facilitation processes of e.j.p.s produced by repetitive stimulation of the nerves were not modified by prazosin, phentolamine, or yohimbine. Increasing the stimulus frequency increased the amplitude of es j.p.s and slow depolarizations and, at high frequencies (>5 Hz) generated a spike potential. Nicardipine (10-7 M) blocked the spike potential and reduced the e.j.p. amplitude, but did not affect the slow depolarization. Amplitude of muscle contractions produced by transmural nerve stimulation increased with increase in the stimulus frequency. The nerve-mediated contractions produced by high-frequency stimulation (10 Hz) were reduced to 49 % of the control value by prazosin (10-6 M), to 79 % by nicardipine (10-i M), to 34 by prazosin (10-6 M) plus nicardipine (10-i M), and to 1.2% by TTX (3 x 10-~ M). Exogenously applied noradrenaline depolarized the smooth muscle membrane and produced the muscle contraction. These effects of noradrenaline were antagonized by prazosin or phentolamine. Thus, in the rabbit ear artery, perivascular nerve stimulation produced three types of electrical responses, i.e., e, j.p., spike potential, and slow depolarization. The latter but not the former two was produced through activation of al-adrenoceptors. Nerve-mediated muscle contractions were the results of stimulation of al-adrenoceptors, generation of spike potentials, and of e. j.p.s.
Electrical stimulation of perivascular nerves produces excitatory junction potential (e) j.p.) in the muscular arteries of rabbit, guinea-pig, or dog (BELL, 1969; HIRST, 1977; HOLMAN and SURPRENANT, 1979; KURIYAMA and SUZUKI, 1981; KAJIWARA et al., 1981; KOU et al., 1982) . The es j.p.s observed in these muscular arteries are not suppressed by a-adrenoceptor antagonists, and application of phentolamine increases the amplitude of the e. j.p.s (HOLMAN and SURPRENANT, 1980; KOU et al., 1982; KURIYAMA and MAKITA, 1983) . In the mesenteric vein or the main pulmonary artery of the guinea-pig, perivascular nerve stimulation generates a slow depolarization which is suppressed by a-adrenoceptor antagonists (SUZUKI, 1981 (SUZUKI, , 1983 . CHEUNG (1982) showed that in the rat tail artery, penvascular nerve stimulation generates e. j.p. and slow depolarization, and the latter but not the former can be suppressed by phentolamine.
Thus, electrical responses of vascular smooth muscles to perivascular nerve stimulation could be classified pharmacologically into two types, i.e., an e.j.p. which cannot be suppressed by a-adrenoceptor antagonists and a slow depolarization which is sensitive to a-adrenoceptor antagonists. As both of these electrical responses were suppressed by guanethidine (CHEUNG, 1982; SUZUKI, 1983) , transmitter substances which generate these electrical responses are probably released from the adrenergic nerves.
In the guiena-pig mesenteric artery, HIRST and NEILD (1980) showed that e.j.p. cannot, but exogenously applied noradrenaline can produce muscle contraction with no change in the membrane potential. The latter but not the former response could be suppressed by a-adrenoceptor antagonists. They proposed two types of receptors for noradrenaline at the post functional membrane, i.e., aand r-receptors. The distribution of the i-receptor is rich in the basilar artery and is sensitive to dopamine or adrenaline, in addition to high doses of noradrenaline (HIRST et al., 1982) .
We investigated the effects of a-adrenoceptor antagonists on the electrical and mechanical responses of the rabbit ear artery to perivascular nerve stimulation, and compared the results to those seen with exogenously applied noradrenaline.
MATERIALS AND METHODS
Male and female albino rabbits, weighing 1.5-2.5 kg, were anesthetized by giving pentobarbital sodium (40 mg/kg) i.v., and were then exsanguinated from the carotid artery. The central ear artery was dissected and cleaned in the Krebs solution at room temperature. The artery segment, 1.5-2 cm long, was incubated in warmed (35-36°C) Krebs solution for more than 30 min, then mounted in an organ bath with a capacity of about 2 ml. The tissue was superfused with Krebs solution at a flow rate of 3 ml/min.
The electrical responses of the membrane were recorded using a glass capillary micro-electrode filled with 3 M KCI. The tip resistance of the electrodes ranged between 40-80 MSS. The micro-electrode was impaled from the outer surface of the vessel. Stimulation of perivascular nerves was given by the point stimulation method (SUZUKI and FUJIWARA,1982) , with current pulses having an intensity of 25-100 V and duration of 0.05 msec. The electrical activities were recorded by a pen-writing recorder (Nikon Kohden Recticorder RJG4024).
Mechanical responses of the artery were recorded by attaching a helical strip of the artery (1 mm wide, 1.2-1.5 cm long) to a strain guage transducer (Nihon Kohden FD pick up, TB-612T). The tissue was soaked in an organ bath with a volume of 1 ml and warmed (35.5°C) Krebs solution was superfused at flow rate of 3 mi/min using a perfusion pump. Tissues were incubated in the chamber for more than 1 hr without tension, and then the vessels were stretched so that approximately 0.05 g of force was applied to each tissue. Perivascular nerves were stimulated transmurally using a pair of silver plates fixed at both sides of the recording chamber, with a current pulse of 1 msec in duration and 100 V in intensity.
Ionic composition of the Krebs solution was as follows (mM) : Nat, 137.4; K+, 5.9; Cat, 2.5; Mgt, 1.2; HC03-, 15.5; H2P04-, 1.2; Cl-, 134; glucose, 11.5. The solution was aerated with 97 % 02, 3 % C02. The pH of the solution was maintained at 7.2-7.3.
Chemicals used in the experiments were tetrodotoxin (Sigma), prazosin HCl (Pfizer), phentolamine mesylate (CIBA-Geigy), yohimbine HCl (Sigma), guanethidine sulphate (Tokyo Kasei), and (-)-noradrenaline HCl (Sigma). Measured values were expressed by mean ± standard deviation (S.D.). Statistical significances were determined using Student's t-test, and probabilities of less than 5 % (p<0.05) were considered to be statistically significant.
RESULTS

Electrical responses of the smooth muscle cells to perivascular nerve stimulation
Smooth muscle membranes of the rabbit ear artery were electrically quiescent, and spontaneous activities were not observed. Electrical stimulation of penvascular nerves elicited e.j.p. in all smooth muscle cells studied. The amplitude and the time course of the es j.p.s were much the same as those observed in the muscular arteries of the rabbits, guinea-pigs, or dogs (BELL, 1969; HIRST, 1977; HOLMAN and SURPRENANT, 1979; KURIYAMA and SUZUKI, 1981; Kou et al., 1982) , i.e., a single pulse stimulation generated an e. j.p. with a duration of about 1 sec and the amplitude ranged between 1-10 mV. The threshold intensity of the stimulating current was 20-25 V (in the case of 0.05 msec in pulse duration), and increasing the stimulus intensity increased step-wise the amplitude of e.j.p., with the maximum amplitude reached at intensities of over 50-60 V. The e. j.p. amplitudes were increased with 3-5 steps, as has been reported in the case of muscular arteries of the guinea-pig (BELL, 1969; HIRST, 1977; KURIYAMA and SUZUKI, 1981) .
In the rabbit ear artery, an e. j.p. was followed by a slow depolarization of the membrane, as was noted in the rat tail artery (CHEUNG, 1982) . The slow depolarization had an amplitude of up to 2 mV and a duration of 10-15 sec, and reached the peak amplitude at 6-10 sec after the stimulation. When perivascular nerves were stimulated repetitively with 0.2-1 Hz in frequency, es j.p.s with increasing amplitudes were superimposed on the enhanced slow depolarization. Figure 1 shows effects of a-adrenoceptor antagonists on the e.j.p.s and slow depolarizations produced by perivascular nerve stimulation with 5 stimuli at 1 Hz in frequency. The tissues were preincubated 3-5 min with a-adrenoceptor antagonist, and then the responses to nerve stimulation were observed. As some of the drugs had irreversible effects, each of the responses was recorded from different tissues. Application of prazosin (10_6 M) or phentolamine (10-M), but not of yohimbine (5x 10-7 M) suppressed the generation of the slow depolarizations but not of the e.j.p.s. Increasing the concentration of yohimbine to 10-6 M depolarized the muscle membrane (Table 1 ) and reduced the amplitude of e.j.p.s and slow depolarization. Application of tetrodotoxin (TTX, 3 x 10-' M) or guanethidine (10.6 M) abolished both the e.j.p.s and the slow depolarization within 3-5 min, the former showed reversible, and the latter irreversible effects.
Effects of a-adrenoceptor antagonists on the membrane potential and on 2. Effects of a-adrenoceptor blockers on the enhancement of amplitude of es produced by a pair of stimuli with various intervals. A, es j.p.s and slow depolarization produced by a pair of stimuli with 1, 3, and 5 sec intervals, before (control) and after applications of 10 M prazosin. The relationship between relative amplitude of e.j.p. and the interval of two stimuli, before (control) and after application of prazosin (B), phentolamine (C), and yohimbine (D) is shown. Effect of each drug was observed in different tissues. Each point is the mean value of 5-15 measurements. Ratio of the first (V0) and the second e. j.p.s (Vi) were plotted as log (V/V0-1), against the interval between the two stimuli. the amplitude of e. j.p. are shown in Table 1 . The membrane potentials were measured by impalements of the electrode into different cells during the application of a-adrenoceptor antagonists for 5-30 min. The membrane was depolarized by application of yohimbine (>5x 10-7 M), but not by prazosin (10-6 M), or phentolamine (10-6 M). Amplitude of e.j.p.s produced by single stimuli was decreased by application of yohimbine, but not by prazosin or phentolamine.
Effects of a-adrenoceptor antagonists on the facilitation process of e.j.p.s were observed by applying a pair of stimuli, at different intervals (1-5 sec). The amplitude of the second e. j.p. was larger than the first one, when the interval of the two stimuli was less than 5 sec ( Fig. 2A) . The facilitation of es j.p.s was quantified by the method of MALLART and MARTIN (1967) , i.e., relative amplitude of the second e. j.p. compared to the first one was plotted on a logarithmic scale as log (V6/V0-1), as a function of time (t) between the two stimuli, where Vo and Vt are the amplitudes of the first and the second e, j.p.s, respectively. As shown in Fig. 2 , prazosin (10-6 M), phentolamine (10-6 M), or yohimbine (10-6 M) did not alter the relationship between the relative amplitude of e.j.p. and the time between the two stimuli, indicating that none of these drugs modify the facilitation processes of es j.p.s in the rabbit ear artery.
Perivascular nerves were stimulated for a fixed period of 1 sec with increasing frequencies, and this procedure assumedly released increasing amounts of transmitter in an instantaneous period of time (SuzuKi, 1981) . As shown in Fig. 3,   Fig, 3 . Relationship between the amplitudes of e. j.p.s (A) or the slow depolarizations (B) and the frequency of perivascular nerve stimulation within 1 sec, and the effect of prazosin on the relationship.
Responses were obtained from 3 different cells before and after application of 106 M prazosin and each point shows mean ± S.D. of 7-15 measurements.
increasing the frequency of stimuli increased the amplitude of the e.j.p.s, and the rate was greater between 2 and 5 Hz than between 8-50 Hz. At frequencies over 5 Hz, a spike potential was generated on the summed e. j.p.s. The amplitude of the slow depolarization was increased gradually between 2-10 Hz and rapidly between 10-50 Hz. Pretreatment (3 min) with prazosin (10-6 M) generated much the same amplitude of e.j.p.s, however generation of the slow depolarization was markedly suppressed. Much the same results were obtained for phentolamine (5 x 10-7-10-6 M), in different tissues.
Mechanical responses of the smooth muscles to perivascular nerve stimulation
The smooth muscle tissues of the rabbit ear artery were quiescent and spontaneous mechanical activities were not observed in unstimulated conditions. Application of transmural single current pulses produced no detectable change in tension development, and repetitive stimulation was required to produce the tension developments.
Transmural stimuli with increasing frequencies were applied for a fixed period of 1 sec. As shown in Fig. 4 , the muscle contraction occurred at frequencies of over 2 Hz, and the amplitude of contraction was increased, frequency-dependently. These contractions were almost abolished by application (3-5 min pretreatment) of TTX (3 x 10-7 M) or guanethidine (10-6 M), indicating that the contractions were produced as a result of stimulation of perivascular adrenergic nerves. Pretreatment (3 min) with prazosin (10-6 M) decreased the amplitude of the nervemediated contractions by about a half of the control value. Figure 5 shows effect of prazosin (10-6 M) or phentolamine (10-6 M) on the amplitude of contractions produced by perivascular nerve stimulation with increasing frequencies for 1 sec. The figure is shown as a relative value to the contraction produced by 50 Hz stimulation, in a control condition. Both prazosin and phentolamine reduced the amplitude of contractions to 40-60 % of the control values. The figure also shows the effect of TTX (3x 10-7 M) on the nerve-mediated contractions. The contractions were suppressed by TTX to less than 10 % of the control values. There were no differences in amplitude of contractions between applications of TTX and of guanethidine (10-6 M). In different experiments, application of yohimbine (5>< 10_7_10_6 M) produced the muscle contraction and increased the amplitude of nerve-mediated contractions. The yohimbine-induced contractions were generated by pretreatment (3-5 min) with TTX (3x 10-7 M) or guanethidine (10-6 M), therefore were attributed to the results of direct action of yohimbine to the smooth muscle cells. The amplitude of the contraction is expressed as a relative value to the amplitude of contraction produced by 50 Hz stimulation, in the control condition (=100%).
Mean ±S.D. of 12 tissues for prazosin and of 9 tissues for phentolamine is shown. Effect of TTX on the nerve-mediated contractions was observed in each experiment. 4 and 5) produced by perivascular nerve stimulation suggests that reduction by prazosin or phentolamine of the amplitude of muscle contractions is correlated with reduction in the amplitude of the slow depolarization. However, the nervemediated contractions could not be suppressed completely by these drugs. Figure 6 shows electrical responses generated by perivascular nerve stimulation with 10 stimuli at 10 Hz in frequency. The nerve stimulation generated a spike potential superimposed on the summed e, j.p.s, and then a slow depolarization. Application of prazosin (10-5 M) suppressed the slow depolarization within 3 min, with no change in the spike potential and e.j.p.s. Additional application of nicardipine (10-7 M), a Cat-antagonist (FUJIWARA and KURIYAMA, 1983) , reduced the amplitude of e.j.p.s and abolished the spike potentials (Fig. 6 A-C) . In different experiments, applications of nicardipine (10-7 M) gradually reduced Vol. 33, No. 5, 1983 Fig. 6. Effects of prazosin (10-6 M) or nicardipine (10_7 M) on the cellular responses of the rabbit ear artery to perivascular nerve stimulation (10 stimuli at 10 Hz in the frequency).
A-C and D-E were recorded from single cells in different tissues. C, E, and F were recorded at 22, 10, and 18 min after application of nicardipine, respectively. the amplitude of e.j.p.s, spike potentials, and slow depolarizations, and within 5 min, the generation of spike potentials, but not of e.j.p.s and slow depolarizations, ceased. The effects of nicardipine remained unchanged during 30 min after the application. Application of nicardipine (10_ 7 M) plus prazosin (10_ 6 M) Japanese Journal of Physiology inhibited the generation of slow depolarization within 3 min, with no marked change in the amplitude of e. j.p.s (Fig, b D-F) .
Effects of prazosin (10-6 M) or nicardipine (10-7 M) on the tension developments produced by perivascular nerve stimulation (10 stimuli at 10 Hz in the frequency) are summarized in Table 2 . Drugs were pretreated 10 min before application of the nerve stimulation. Simultaneous application of prazosin and nicardipine reduced the amplitude of contraction to a greater extent than seen with separate applications of these drugs. Prazosin was more potent than nicardipine in inhibiting the nerve-mediated contractions. Application of TTX (3 x 10 7 M) all but completely suppressed the generation of the contraction.
Responses to exogenously applied noradrenaline
Effects of exogenously applied noradrenaline on the membrane potential of the rabbit ear artery smooth muscles were observed by successive impalements of the microelectrode into different cells during application of different concentrations of noradrenaline for 10 min. Figure 7 shows the dose-response relationship of the membrane potential produced by exogenously applied noradrenaline. The membrane was depolarized dose-dependently at concentrations of over 10-7 M noradrenaline. In the presence of prazosin (10_6 M), the relationship was shifted to the right and the threshold concentration of noradrenaline for the membrane depolarization was increased to 105M. The dose-response relationship of the muscle contractions produced by exogenously applied noradrenaline is shown in Fig. 8 . Here the maximum amplitudes of contraction produced by various concentrations of noradrenaline were expressed as a relative value to the contraction produced by 10 M noradrenaline. Noradrenaline at concentrations of over 10_8 M produced the contraction, and the dose-reponse relationship showed a sigmoidal curve. In the presence of prazosin (10-6 M), the relationship was shifted to the right and the threshold concentration of noradrenaline for the tension development was increased to 106 M.
In different experiments, phentolamine showed much the same effects as prazosin, on the electrical and mechanical responses of the ear artery smooth muscles to exogenously applied noradrenaline.
DISCUSSION
Perivascular nerve stimulation generated e.j.p.s and slow depolarizations in the rabbit ear artery, as was also noted in the rat tail artery (CHEUNG, 1982) . These two components of the cellular responses to nerve stimulation showed pharmacological differences to a-adrenoceptor antagonists, i.e., the slow depolarization, but not the e.j.p.s, was blocked by prazosin or phentolamine. Both components could be blocked by application of guanethidine, indicating that these electrical activities are produced by transmitter substances released from the adrenergic nerves. Exogenously applied noradrenaline depolarized the smooth muscle membrane in the rabbit ear artery, and the depolarization could be antagonized by prazosin or phentolamine. Thus, the slow depolarization may be generated by noradrenaline released from perivascular nerves, through activation of al-adrenoceptors.
Generation of the slow depolarizations which are sensitive to prazosin or phentolamine to perivascular nerve stimulation was also found in the guinea-pig mesenteric vein (SUZUKI, 1981) and the main pulmonary artery (SUZUKI, 1983) .
The electrical components insensitive to prazosin or phentolamine, i.e., e.j.p.s, are proposed to be generated by a r-receptor in the postjunctional membrane (HIRST and NEILD, 1980) . This receptor distributed in the rat basilar artery is activated by dopamine, adrenaline or high concentrations of noradrenaline and produces membrane depolarizations without generating muscle contractions (HIRsT et al., 1982) . These r-receptors may also be present in the rabbit ear artery, as e.j.p.s resistant to prazosin or phentolamine were observed.
Prazosin is a selective al-receptor blocker, yohimbine an a2-receptor blocker, and phentolamine an al-and a2-receptor blocker (VANHOUTTE et al., 1981) . However in the rabbit ear artery, none of these drugs modified the facilitation processes of es j.p.s produced by repetitive stimulation of nerves. Furthermore, yohimbine depolarized the smooth muscle membrane and reduced the amplitude of e.j.p.s. The latter may be partly due to a reduction in the membrane potential. These pharmacological properties of the es j.p.s in the rabbit ear artery to aadrenoceptor blockers are rather unique in comparison with the findings in the muscular arteries of the guinea-pig or the dog, i.e., in the guinea-pig mesenteric artery, phentolamine or yohimbine, but not prazosin, enhanced the facilitation processes of e.j.p.s (KURIYAMA and MAKITA, 1983) , and in the dog mesenteric artery, phentolamine reduced the amplitude of the first e.j.p. but enhanced the successively generated e.j.p.s produced by a train of stimuli (K0U et al., 1982) . Prazosin was ineffective on e.j.p.s in the dog mesenteric artery (K0U et al., 1982) . Phentolamine depolarized the smooth muscle membrane in the guinea-pig ear artery (KAJIWARA et al., 1981) . These inconsistent results obtained from various tissues in various species suggest that each a-adrenoceptor blocker has specific actions on certain vascular smooth muscles, in addition to the antagonistic actions on a-adrenoceptors.
Muscle contractions produced by transmural nerve stimulation were partially suppressed by prazosin or phentolamine in the rabbit ear artery , and this reduction was correlated with suppression of the slow depolarizations. As electrical and mechanical responses produced by exogenously applied noradrenaline were antagonized by prazosin or phentolamine, the reduction by prazosin or phentolamine of the nerve-mediated contractions may be due to suppression of alreceptors.
Repetitive stimulation of perivascular nerves with high frequency generates spike potentials on the e.j.p.s or the slow depolarizations in various vascular tissues (HIRST, 1977; HOLMAN and SURPRENANT, 1979; KAJIWARA et al., 1981; KURIYAMA and SUZUKI, 1981; SUZUKI, 1981 SUZUKI, , 1983 . The spike potential in the guinea-pig mesenteric artery could be suppressed by diltiazem, a Ca-antagonist . Nicardipine markedly suppressed the high-potassium induced contraction, in comparison with the nerve-mediated or serotonin-induced contractions in the guinea-pig basilar artery (FUJIWARA and KURIYAMA, 1983) . This artery generates es j.p.s by perivascular nerve stimulation and the amplitude of the e.j.p.s was reduced by nicardipine. In the rabbit ear artery, nicardipine reduced the amplitude of es j.p.s and suppressed the generation of the spike potentials, but not of the slow depolarizations. Amplitude of the nerve-mediated contraction (10 stimuli at 10 Hz) was decreased to 79 % of the control value by application of nicardipine. The muscle continued to contract by perivascular nerve stimulation in the presence of prazosin and nicardipine, the amplitude being about 34 % of the control value. Only the es j.p.s could be generated by perivascular nerve stimulation, under this condition. Thus, in the rabbit ear artery, the nervemediated contractions are produced by endogenous noradrenaline, spike potentials and e.j.p.s, unlike the guinea-pig mesenteric artery in which muscle contraction is produced by noradrenaline but not by e.j.p.s (HIRST and NEILD, 1980) .
In conclusion, in the rabbit ear artery, perivascular nerve stimulation generates es j.p.s and slow depolarizations and, with high-frequency stimulation, spike potentials. The nerve-mediated muscle contractions are produced by these three components of electrical responses, and the potency for the tension development is in the order of slow depolarizations>e.j.p.s>spike potentials. The slow depolarization is generated by endogenous noradrenaline, through activation of al-adrenoceptors.
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